This result suggests that an interaction analogous to the interaction made by this divalent metal ion is absent in the monovalent reaction. Although the contribution of this divalent metal ion to the overall reaction rate is relatively modest, its presence is needed to achieve the full catalytic rate. The role of this ion appears to be in facilitating formation of the active structure, and any direct chemical role of metal ions in hammerhead catalysis is small.
INTRODUCTION
The hammerhead ribozyme is a self-cleaving RNA motif found in several plant satellite RNA and viroid genomes (Forster & Symons, 1987a , 1987b Uhlenbeck, 1987;  Fig+ 1)+ It catalyzes an intramolecular phosphoryl transfer reaction to generate two products, one with a 29-39 cyclic phosphate and the other with a 59-hydroxyl+ The hammerhead has been modified to develop an experimentally accessible, kinetically well-defined system in which to study catalysis (e+g+, Uhlenbeck, 1987; Hertel et al+, 1994 Hertel et al+, , 1998 Stage-Zimmermann & Uhlenbeck, 1998 )+ The in vitro reaction is most efficient in millimolar quantities of divalent metal cations and displays a rate order dependency on one metal ion+ These observations are consistent with the view that RNA catalysis might generally involve metal ions (Dahm et al+, 1993; Pan et al+, 1993; Steitz & Steitz, 1993; Yarus, 1993; Pyle, 1996; Narlikar & Herschlag, 1997; Feig & Uhlenbeck, 1999 )+ More recent experiments, however, have provided strong evidence that many ribozymes can perform catalysis by mechanisms not involving divalent metal ions+ The hairpin ribozyme can carry out efficient catalysis in the absence of divalent metal ions and in the absence of direct metal ion coordination (Hampel & Cowan, 1997; Nesbitt et al+, 1997; Young et al+, 1997; Fedor, 2000) + It was shown that the hammerhead and the VS ribozymes are active in the absence of divalent metal ions provided that very high concentrations of monovalent cations are present (Murray et al+, 1998a )+ Several in vitro selection experiments have also successfully obtained RNA and DNA catalysts that operate in the apparent absence of divalent metal ions or their direct coordination (e+g+, Geyer & Sen, 1997; Jayasena & Gold, 1997; Roth & Breaker, 1998; Suga et al+, 1998 )+ The X-ray crystal structure of the hepatitis delta ribozyme revealed a conserved base held at the position of strand cleavage (Ferre-D'Amare et al+, 1998) , and subsequent functional studies provided the first mechanistic evidence for general acid-base catalysis mediated by an RNA base, a protonated C residue (Perrotta et al+, 1999; Nakano et al+, 2000) + Most recently, the X-ray crystal structure of the 50S ribosomal subunit has revealed that there are no protein residues in the vicinity of the peptidyl transfer active site, and a structure with a bound transition state analog provides no indication of any divalent metal ions bound in the active site (Ban et al+, 2000; Nissen et al+, 2000) + Despite investigation of more than a hundred sitespecific modifications and several X-ray crystal structures (Pley et al+, 1994; Scott et al+, 1995 Scott et al+, , 1996 McKay, 1996; Murray et al+, 1998b Murray et al+, , 2000 Vaish et al+, 1998; Zhou & Taira 1998) , the mechanism of catalysis by the hammerhead ribozyme has remained obscure (McKay, 1996) + Based upon the high rate of hammerhead cleavage in the presence of divalent metal ions, the differences in rate with different divalent metal ions, and competition experiments with different divalent metal ions, direct catalytic roles for divalent metal ions in the hammerhead reaction have been proposed (Taira et al+, 1990; Perreault et al+, 1991; Dahm et al+, 1993; Scott & Klug, 1996; Pontius et al+, 1997; Lott et al+, 1998; Zhou & Taira, 1998 )+ This conclusion received support from experiments showing that catalytically impaired hammerhead ribozymes containing phosphorothioate substitutions at certain locations could be "rescued" by the addition of thiophilic metal ions, which suggested that these phosphoryl groups participate in functional divalent metal ion interactions (Dahm & Uhlenbeck, 1991; Koizumi & Ohtsuka, 1991; Slim & Gait, 1991; Knoll et al+, 1997; Peracchi et al+, 1997; Scott & Uhlenbeck, 1999; Wang et al+, 1999; + However, as specifically bound metal ions are typically critical for promoting the correct folding of RNA (Draper, 1996) , it is difficult to rigorously distinguish direct participation of metal ions from such structural effects+ Indeed, it has recently been proposed that the two rescuable phosphorothioate sites in the hammerhead coordinate a single metal ion whose primary role is to stabilize a form of the ribozyme that forms only transiently prior to catalysis (Wang et al+, 1999) + The observation that a substantial amount of hammerhead catalysis occurs in the presence of high concentrations of monovalent cations and exchange-inert metal ions of higher valency (Murray et al+, 1998a; Curtis & Bartel, 2001) provided an opportunity to distinguish the structural and catalytic roles of divalent metal ions in the reaction+ However, before this could be done, it was critical to show that the hammerhead catalytic mechanism is the same in divalent and monovalent cations+ We have compared the effect of a number of mutations and modifications of the hammerhead on the rate of cleavage in the presence of monovalent and divalent cations+ The results support the previously proposed role of divalent metal ions in stimulating adoption of the active conformation of the hammerhead ribozyme and also suggest that any direct role of divalent metal ions in the reaction chemistry is not large+ FIGURE 1. Hammerhead ribozymes and substrates+ Secondary structure of HH16 (A) and HH8 (B) with their respective substrates+ Numbering is according to Hertel et al+ (1992) + The catalytic core is shown in outlined letters, and the arrow depicts the cleavage site P1+1 phosphoryl group+
RESULTS AND DISCUSSION

Hammerhead cleavage in monovalent cations
Two kinetically and thermodynamically well-characterized hammerhead ribozyme constructs, HH8 and HH16 (Fig+ 1) were used in this study (Fedor & Uhlenbeck, 1992; Hertel et al+, 1994 Hertel et al+, , 1998 + Previous studies have shown that effects of modifications are comparable between the two ribozymes (Baidya & Uhlenbeck, 1997; Baidya et al+, 1997)+ Reactions were performed under single-turnover conditions, with ribozyme saturating with respect to the oligonucleotide substrate to ensure that conversion of the E•S complex to E•P was observed kinetically without complications from slow product release+ To compare hammerhead catalysis stimulated by divalent and monovalent cations, the cleavage of HH8 as a function of cation concentration is shown in Figure 2+ Consistent ϩ and compared to that in 10 mM Mg 2ϩ + As had been found previously for many hammerheads in the presence of various divalent cations (Dahm et al+, 1993; Stage-Zimmermann & Uhlenbeck, 1998; Zhou & Taira 1998 ), a log-linear pH-rate profile with a slope of one was observed (data not shown)+ As observed previously (Murray et al+, 1998a; Curtis & Bartel, 2001) , the rates of the monovalent-stimulated reactions were only 10-to 100-fold below those measured in 10 mM Mg 2ϩ (Fig+ 2; data not shown)+ The data displayed more scatter in the case of the monovalent-stimulated pH-rate profiles than in the case of the Mg 2ϩ dependent reactions, which may reflect differential effects of the high salt concentrations on the activity of buffer components for the different buffers used+ The pH dependencies indicate that the hammerhead reaction requires loss of a single proton prior to the rate-limiting step, whether it is stimulated by either monovalent or divalent cations+ The slope of one for the NH 4 ϩ reaction is particularly significant as it rules out the involvement of NH 3 , which has the potential to act as a general base+ Catalysis stimulated by NH 4 ϩ then indicates that hammerhead cleavage can occur in the absence of any metal ions (Murray et al+, 1998a )+
Cleavage of modified hammerhead ribozymes in Mg 21 and Li
1
The cleavage rates of a series of previously characterized modified hammerhead ribozymes were compared in 10 mM Mg 2ϩ and 4 M Li ϩ + If all the modifications were to have analogous effects under both conditions, the data would imply a common reaction mechanism, one presumably not directly utilizing divalent metal ions for catalysis+ However, any differences in Mg 2ϩ and Li ϩ could highlight differences in the two reaction mechanisms+ Thirteen derivatives of HH16 containing single abasic sites throughout the catalytic core (Peracchi et al+, 1996 (Peracchi et al+, , 1998 Stage-Zimmermann & Uhlenbeck, 1998) suggesting that these properties are not intrinsic to the hammerhead core+ For example, it is possible that the reaction rate levels off due to the binding of an inhibitory Mg 2ϩ ion and not because of saturation of the stimulatory ion(s)+ We therefore do not use these values in mechanistic interpretations+ best fit with the slopes of 0+7 and 1+8 for reactions in Mg 2ϩ and Li ϩ , respectively+ Reaction conditions: 50 mM NaPIPES, pH 7+5, 1 mM HH8, trace substrate, 0+1 mM Na 2 EDTA, and varying concentrations of metal chloride salt+ rate constants and effects of the modifications (k rel ) observed in Mg 2ϩ are the same within error (approximately twofold) as observed previously (Peracchi et al+, 1996 ; Baidya et al+, 1997)+ Figure 3 graphically compares the relative rate constants for the 19 hammerhead variants under the two conditions+ There is, in general, a striking correspondence between the effect of the modifications in Mg 2ϩ and Li ϩ + For example, C3X, A6X, and G8X, which have undetectable catalysis in Mg 2ϩ , are down տ10 4 -fold in Li ϩ , and U4X and U7X, which have only modest defects in Mg 2ϩ , have similar modest defects in Li ϩ + Similarly, modification of C17 to A, U, or a phenyl group gives rate effects of less than 10-fold in both Mg 2ϩ and Li ϩ , whereas modification to iso-C gives a substantially larger effect under both conditions+ The overall correspondence between the effects of modifications in Mg 2ϩ and Li ϩ as observed in Figure 3 would be highly unlikely to arise from random chance+ The results most simply suggest an analogous reaction mechanism in Mg 2ϩ and Li ϩ + There are, however, two differences between the Mg 2ϩ and Li ϩ data in Figure 3+ First, the modifications with the largest effects in Mg 2ϩ (k rel . 10 5 -fold) each have somewhat smaller effects in Li ϩ (k rel ' 10 4 -fold)+ This difference is not due to a faster background rate of cleavage in Li ϩ + In 50 mM NaPIPES, pH 7+0, the background rate of cleavage for the substrate was 2 ϫ 10 Ϫ6 min Ϫ1 in 4 M LiCl, which is similar to that in 10 mM Mg 2ϩ (data not shown; Curtis & Bartel, 2001)+ We speculate that formation of the global catalytic conformation for hammerhead catalysis is less cooperative in Li ϩ than in Mg 2ϩ , resulting in smaller effects from individual modifications (see Peracchi et al+, 1998 , for discussion of cooperativity in formation of the active hammerhead conformation)+ An interesting additional difference between the rate effects of the mutations studied in Mg 2ϩ and in Li ϩ concerns the substitution of abasic residues at positions G10+1 and C11+1 in HH16 (Fig+ 3A)+ For these two mutant ribozymes, the cleavage rates in Li ϩ were faster than that observed for the wild-type ribozyme+ This finding contrasts with the modest rate decreases observed for these two hammerhead variants in Mg 2ϩ + The crystal structure of the hammerhead ribozyme shows that residues G10+1 and C11+1 form a Watson-Crick base pair+ Furthermore, the N7 of G10+1 has been implicated by both X-ray crystallographic analysis (Pley et al+, 1994; Scott et al+, 1996) and functional data (Peracchi et al+, 1997; Wang et al+, 1999) as a ligand for the binding of a divalent metal ion+ We therefore tested the effect of removal of this nitrogen atom in Mg 2ϩ and in Li ϩ , using 
a All reactions were single turnover with a saturating excess of ribozyme relative to substrate and were carried out at 25 8C (see Methods)+ The rate constant k c represents the reaction of the E•S complex+ Reactions of HH16 and its variants were carried out with 200 nM ribozyme in 50 mM NaMOPS, pH 7+3, and reactions of HH8 and its variants were carried out with 1 mM ribozyme in NaPIPES, pH 7+5+ "Յ" indicates an upper limit for the reaction rate+ b k rel ϭ k c variant /k c wt + c Errors were typically Յ30%+ the base 7-deazaG at position 10+1+ 7 This site-specific change mimicked the effect of base ablation at G10+1, giving k rel less than one in Mg 2ϩ and greater than one in Li ϩ (k rel ϭ 0+025 and 2+2, respectively; data not shown)+ These results suggest that the hammerhead reaction in the presence of monovalent and divalent cations is analogous overall, but raise the possibility that hammerhead interactions that coordinate a stimulatory divalent cation may be absent in the reaction stimulated by monovalent cations+ This finding prompted an examination of other hammerhead modifications known to affect binding of the divalent metal ions+
Thio effects in Mg 21 and Li 1 stimulated hammerhead catalysis
Previous experiments have shown that replacing the pro-R P phosphoryl oxygen atom at position P9 in domain II of the conserved core and at the cleavage site (position 1+1) with a sulfur gave large deleterious rate effects in Mg 2ϩ (Fig+ 4)+ Furthermore, these deleterious thio effects (thio effect ϭ k c wt /k c modified ) could be substantially rescued upon addition of a thiophilic metal ion, such as Cd 2ϩ , which has a higher affinity for sulfur than for oxygen (Knoll et al+, 1997; Peracchi et al+, 1997; Scott & Uhlenbeck, 1999; Wang et al+, 1999; Feig, 2000) + The simplest interpretation of these results is that the pro-R P phosphoryl oxygen atoms at positions P9 and P1+1 are metal ion ligands in the divalent cation stimulated reaction+ If these atoms are indeed sites of divalent metal ion coordination, and if these sites are no longer used in the monovalent cation reaction, then the deleterious effect from sulfur substitution would be predicted to be greatly diminished in 4 M Li ϩ + As shown in Table 2 , this prediction is indeed correct+ The 10 3 -10 4 -fold thio effects observed in 10 mM Mg 2ϩ are the same within error as those obtained previously for both HH16 and HH8 studies (Peracchi et al+, 1997; Scott & Uhlenbeck, 1999; Wang et al+, 1999) , whereas the thio effects in 4 M Li ϩ for both hammerheads at both positions are only ;10-fold+ 8 As was observed previously in the presence of Mg 2ϩ (Koizumi & Ohtsuka, 1991; Knoll et al+, 1997; Scott & Uhlenbeck, 1999; Wang et al+, 1999) , there is also no significant thio effect in Li ϩ from re-7 A HH16 construct was used in this experiment having a 7-deazaguanine 29-deoxyribose substitution at position 10+1+ The 29-deoxyribose substitution was previously shown to have no significant effect on catalysis (Wang et al+, 1999)+ 8 A somewhat larger thio effect of 50-70 is observed for the cleavage site sulfur substitution (P1+1) in 1 M Li ϩ , but not for the P9 substitution+ This thio effect was unaffected by the presence or absence of added 0+1 mM Na 2 EDTA, providing no indication that potentially contaminating metal ions are responsible+ We do not understand the origin of this difference+ The substantial diminution of the pro-R P thio effect in Li ϩ is consistent with a role of these oxygens as divalent metal ion ligands that is absent in the monovalent cation reaction+ The small remaining thio effect could be caused by conformational and electrostatic differences between normal phosphoryl groups and the sulfursubstituted ones, or by a small contribution of a monovalent cation binding at this position (Frey & Sammons, 1985; Smith & Nikonowicz, 2000; Suzumura et al+, 2000 (Peracchi et al+, 1997; Wang et al+, 1999) show that the stimulation has the same stereochemis- 
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a All reactions were single turnover with a saturating excess of ribozyme relative to substrate and were carried out at 25 8C in 50 mM NaMOPS, pH 7+3 (see Methods)+ The rate constant k c represents the reaction of the E•S complex+ Reactions of HH16 and its variants were carried out with 200 nM ribozyme, and reactions of HH8 and its variants were carried out with 1 mM ribozyme+ The same thio effects were obtained in other buffers+ Errors were typically less than 30%+ NA ϭ not applicable+ b These values are limits because the observed rate constant could arise from a small amount of contaminating oxygencontaining ribozyme, as described previously (Peracchi et al+, 1997 ; O/N• S R P of 56 6 5 mM and 0+5 6 0+02 min Ϫ1 ; S R P /N•O of 30 6 3 mM and 1+7 6 0+1 min Ϫ1 ; S R P /N•S R P of 33 6 2 mM and 0+38 6 0+01 min Ϫ1 + Reaction conditions: 4 M LiCl, 20 mM Na 2 EDTA, 50 mM BTP, pH 7+0, with varying concentrations of CdCl 2 + try with monovalent and divalent cations+ Finally, the Cd 2ϩ rescue is consistent with an effect from a single metal ion, even when both positions are simultaneously substituted with sulfur ( Fig+ 5, open diamonds) , as was observed in Mg 2ϩ or Ca 2ϩ (Wang et al+, 1999 )+ These results support the view that the sole substantial difference between hammerhead cleavage in monovalent and divalent cations is the stimulatory effect of a divalent metal ion bound to the P9/P1+1 site, an interaction that is absent or ineffectual under the high Li ϩ conditions+
SUMMARY AND IMPLICATIONS
We have compared the cleavage activity of 24 modified hammerhead ribozymes in monovalent and divalent cations+ Two major conclusions have emerged+ The first is that the properties of hammerhead cleavage observed with monovalent cations are very similar to those of hammerhead cleavage in divalent cations+ This conclusion was reached because nearly all of the modified hammerheads showed similar deleterious effects under both conditions, an occurrence that otherwise would be highly improbable+ This finding is important because it provides strong evidence against the popular notion that much of the hammerhead's catalytic power derives from divalent metal ions acting to help deprotonate the attacking 29-hydroxyl group or to stabilize the leaving 59 oxygen atom+ Although monovalent cations could potentially act in this way, albeit less effectively, the observation of considerable hammerhead catalysis in NH 4 ϩ and exchange-inert metal ions (Murray et al+, 1998a; Curtis & Bartel, 2001 ) that cannot serve directly in the above-mentioned catalytic roles renders this unlikely+ Thus, the most likely role for cations is simply to neutralize phosphate repulsion and facilitate the folding of the hammerhead core into a conformation that is active for cleavage+
The second major conclusion that emerged from this work is that a small part of the hammerhead rate enhancement does involve at least one divalent metal ion+ This possibility was hinted at by the observation that the rate enhancement in monovalents is smaller than in divalents (;10 4 versus ;10 6 ; Murray et al+, 1998a; Curtis & Bartel, 2001 ; results herein)+ However, this difference could have reflected weaker binding of Li ϩ or a structural defect+ A smaller rate enhancement of 10 3 -10 4 was also observed with exchange-inert Co(III) (Curtis & Bartel, 2001) , again leaving open the possibility of a unique role for a divalent metal ion+ Two experiments presented herein suggest that a metal ion binding site, which involves the N7 of G10+1 and the pro-R P phosphoryl oxygens of P9 and P1+1 and is important for catalysis in the presence of divalent metal ions, is not productively occupied in the presence of monovalent cations+ First, when any of the three ligands at this site is disrupted, there is a large deleterious effect on the rate in Mg 2ϩ , but not in Li ϩ + Second, the cleavage of a hammerhead ribozyme containing an R P -phosphorothioate at either or both of the critical phosphoryl ligands is substantially enhanced in 4 M Li ϩ upon the addition of Cd 2ϩ , a thiophilic metal ion previously shown to function effectively at this site (Wang et al+, 1999 )+ Thus, the hammerhead appears unable to use its full complement of catalytic interactions unless this divalent metal site is occupied+ What, then, is the role of this divalent metal ion? It is possible that it has only a stabilizing role, to facilitate adoption of the catalytically active structure of the hammerhead by bridging the P9/P1+1 sites, which are ;20 Å apart in the X-ray structures (Wang et al+, 1999) + It is also possible that the metal ion interaction with a nonbridging phosphoryl oxygen atom at P1+1, the cleavage site, provides a modest amount of electrostatic stabilization to the reaction's transition state+ Such electrostatic stabilization would be possible if there were an increase in negative charge on the nonbridging phosphoryl oxygens in going from the ground state to the transition state+ This mechanism is commonly assumed, as analogous interactions are present in many protein enzymes+ Nevertheless, nonenzymatic studies have not determined whether or not an increase in negative charge on the phosphoryl oxygens actually occurs+ It should be recognized that it is extremely difficult to discern the mechanistic origin of rate enhancements even in model reactions catalyzed by metal ions (Cooperman, 1976; Thatcher & Kluger, 1989 )+ Thus, it is difficult to distinguish a specific catalytic role in electrostatic stabilization of the transition state from other possible roles such as positioning the reactants or stabilizing the active conformation+ It remains possible that the sole role of the P9/ P1+1 metal ion interaction is to facilitate formation of the catalytic conformation of the hammerhead core+ In summary, the results of this and prior studies suggest that the primary role of divalent metal ions in hammerhead catalysis is to help the ribozyme fold into its active conformation+ One divalent metal ion appears to interact directly with the cleavage site phosphoryl group and may provide a modest catalytic contribution from electrostatic stabilization of the transition state in addition to its role in facilitating formation of the active hammerhead structure+ Nevertheless, most of the direct catalytic interactions do not involve metal ions+ Uncovering the identity and role of the hammerhead functional groups that are involved in its catalysis presents an enormous and exciting future challenge+
MATERIALS AND METHODS
Materials
CdCl 2 (.99+99%), MgCl 2 (.99+99%) were purchased from Sigma-Aldrich+ LiCl (.99%, with Mg 2ϩ , 5 ppm) was UltraSigma grade from Sigma-Aldrich+ Buffers (.99%) were from Sigma or United States Biochemical+ Recombinant T7 RNA polymerase was purified from an expression strain by standard procedures (Davanloo et al+, 1984) + Wild-type and mutant HH8 ribozymes were synthesized by in vitro transcription using synthetic DNA templates and T7 RNA polymerase as previously described (Milligan et al+, 1987 )+ Wild-type and modified HH16 ribozymes and HH16 and HH8 substrate oligonucleotides were chemically synthesized by standard solid-phase phosphoramidite synthesis (Usman & Cedergren, 1992; Wincott et al+, 1995; Baidya et al+, 1997 )+ RNAs were purified by polyacrylamide gel electrophoresis or HPLC prior to use+ Stereoisomers of phosphorothioate-containing oligonucleotides were separated by anion-exchange HPLC and were assigned as described previously (Peracchi et al+, 1997; Wang et al+, 1999 )+ Substrates for HH16 and HH8 ribozyme cleavage reactions were 59-end labeled with [g 32 P]-ATP and T4 polynucleotide kinase and purified by gel electrophoresis prior to use+
The sequences and numbering for the HH16 and HH8 ribozyme and substrates are shown in Figure 1A and 1B, respectively+ The structure and nomenclature for phosphorothioate-containing ribozymes and substrates are shown in Figure 4+ 
Methods
Kinetic experiments were carried out under single-turnover conditions by using a large excess of ribozyme (50-300 nM for HH16 and 1+0 mM for HH8) and trace quantities of radiolabeled substrate (,0+1 nM)+ To prevent affects from contaminating metals, 0+1 mM Na 2 EDTA was present in the reactions unless stated otherwise+ Addition of 40 mM sodium diethyldithiocarbamate gave no observable precipitate, nor did this addition or addition of 100 mM EDTA affect the observed rate constants, suggesting that there was no significant divalent metal ion contamination (Derrick et al+, 2000)+ Unless otherwise noted, the ribozyme and substrate oligonucleotides were combined in the appropriate buffer for a given experiment in the absence of the added monovalent or divalent ions, incubated for 1-2 min at 95 8C, and then equilibrated at 25 8C for 5-20 min to allow proper annealing+ A slightly altered annealing condition was used for the HH8 reactions containing phosphorothioate substitutions and corresponding controls, in which the ribozyme and substrate oligonucleotides were incubated in separate tubes at 95 8C for 2 min, then combined at 25 8C+ Reactions were initiated by mixing the E•S complex with the appropriate divalent or monovalent ion solution to give the desired final concentrations+ Aliquots of the kinetic reactions were quenched at the appropriate times by dilution into a solution containing 85% formamide or 8 M urea, a molar excess of EDTA over any divalent metal ion present, and dyes (bromophenol blue and xylene cyanol)+ Controls indicated that the quench was effective for all reaction conditions+ The cleavage products were separated from unreacted substrate by electrophoresis in 20% polyacrylamide/7 M urea gels+ Radioactivity was quantitated by using a Molecular Dynamics PhosphorImager+ Rate constants (k c ) were obtained from plots of product formed versus time (KaleidaGraph; Synergy Software)+ Unless noted otherwise, the data fit well to single exponential curves with endpoints of ;80% as previously observed (Hertel et al+, 1994 (Hertel et al+, , 1998 Stage-Zimmermann & Uhlenbeck, 1998; Wang et al+, 1999 )+ Reactions with phosphorothioate-containing HH16 ribozymes or with HH16 or HH8 phosphorothioate-containing substrates were fit to a double exponential for two independent exponential processes to account for small levels of contamination by the other thio-isomer and RNA lacking the sulfur substitution, as described previously (Peracchi et al+, 1997; Wang et al+, 1999 )+ The kinetic phases are readily separable, and the rate constants obtained are highly reproducible and reliable+ The slowest reactions were followed for 1-3 days and k c was obtained from the early portion of the reaction progress curve assuming an endpoint of 80%+
